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POWER TRANSMISSION SYSTEM FOR USE
IN VEHICLE

This application claims priority to Japanese Patent Appli-
cation No. 2009-254231 filed on Nov. 5, 2009, the entire
contents of which are hereby incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a power transmission Sys-
tem for use 1n a vehicle including a power split device which
performs power distribution among a flywheel for storing
rotational energy as mechanical energy, an internal combus-
tion engine and an electric rotating machine.

2. Description of Related Art

As such a power transmission system, there 1s the one 1n
which a planetary gear device performs power distribution of
the power between a transmission coupled to drive wheels
and an mternal combustion engine, the power of a flywheel,
and the power of an electric rotating machine. For example,
refer to International Patent Application Publication No. WO
2009/010819. According to this system, 1t 1s possible to store
torque of the drive wheels 1n the tflywheel or the electric
rotating machine through the transmission.

However, the above conventional system has a problem in
that 1t may occur that a vehicle-mounted battery cannot be
charged properly by electric energy which the electric rotat-
ing machine generates by converting the rotational energy
stored 1n the flywheel into electric energy while the vehicle
runs, because the conversion by the electric rotating machine
1s affected by the rotational speed of the drive wheels.

SUMMARY OF THE INVENTION

The present invention provides a power transmission sys-
tem for use 1n a vehicle comprising;

a power split device to perform power distribution among,
a flywheel for storing rotational energy as mechanical energy,
an 1internal combustion engine and an electric rotating
machine; and

an interrupting device to interrupt power transmission
between a group of the flywheel and the electric rotating
machine and a group of the internal combustion engine and
drive wheels of the vehicle when rotational energy stored 1n
the flywheel 1s transmitted to the electric rotating machine
through the power split device under condition that power 1s
transmitted between the internal combustion engine and the
drive wheels.

The present invention also provides a power transmission
system for use 1n a vehicle comprising:

a first power split device including a first rotating body
mechanically coupled to a first electric rotating machine, a
second rotating body mechanically coupled to drive wheels of
the vehicle and a third rotating body mechanically coupled to
an internal combustion engine of the vehicle, and configured
to perform power distribution among the first electric rotating
machine, the drive wheels and the internal combustion
engine; and

a second power split device including a fourth rotating
body mechanically coupled to a flywheel for storing rota-
tional energy as mechanical energy, a fifth rotating body
mechanically coupled to a second electric rotating machine,
and a sixth rotating body mechanically coupled to one of the
first to third rotating bodies of the first power split device to
perform power distribution among the flywheel, the second
clectric rotating machine and the first power split device.
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According to the present invention, there 1s provided a
power transmission apparatus for use 1n a vehicle of the type
including a power split device to perform power distribution
among a tflywheel to store rotational energy as mechanical
energy, an internal combustion engine and an electric rotating
machine, which 1s capable of properly charging a vehicle
battery using rotational energy stored in the flywheel to
thereby make an effective use of regenerative energy.

Other advantages and features of the invention will become
apparent from the following description including the draw-
ings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1A 1s a diagram showing the structure of a power
transmission system for use i1n a vehicle according to a first
embodiment of the invention;

FIG. 1B 1s a diagram showing the cross-sectional structure
ol a power split device included in the power transmission
system:

FIGS. 2A to 2F are collinear diagrams of rotational speeds

of rotating bodies included 1n the power split device of the
power transmission system;

FIG. 3 1s a diagram showing the structure of a power

transmission system for use 1n a vehicle according to a second
embodiment of the invention;

FIG. 4 1s a diagram showing the structure of a power
transmission system for use 1n a vehicle according to a third
embodiment of the invention;

FIG. § 1s a diagram showing the structure of a power
transmission system for use in a vehicle according to a fourth
embodiment of the invention;

FIG. 6 1s a diagram showing the structure of a power
transmission system for use in a vehicle according to a fifth
embodiment of the invention;

FIG. 7 1s a diagram showing the structure of a power
transmission system for use 1n a vehicle according to a sixth
embodiment of the invention;

FIGS. 8A and 8B are diagrams showing the structure of a
power transmission system for use in a vehicle according to a
seventh embodiment of the invention;

FIGS. 9A to 9E are collinear diagrams of rotational speeds
of rotating bodies included 1n a power split device of the
power transmission system according to the seventh embodi-
ment of the invention;

FIGS. 10A and 10B are collinear diagrams of the rotational
speeds of the rotating bodies when the power transmission
system of the seventh embodiment 1s 1n a regenerative control
mode;

FIG. 11 1s a flowchart showing a control process performed
by the power transmission system of the seventh embodiment
during the regenerative control mode;

FIGS. 12A and 12B are collinear diagrams of the rotational
speeds of the rotating bodies when the power transmission
system of the seventh embodiment 1s 1n an EV-running mode;

FIG. 13 1s a flowchart showing a control process performed
by the power transmission system of the seventh embodiment
during the EV-running mode; and

FIGS. 14 A to 14D are collinear diagrams of the rotational
speeds of the rotating bodies included in the power split
device of the power transmission system according to the
seventh embodiment of the invention.
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EMBODIMENTS OF THE
INVENTION

PR.
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First Embodiment

FIG. 1A 1s a diagram showing the structure of a power
transmission system for use 1n a vehicle according to a first
embodiment of the invention.

The first embodiment describes an application of the
present invention to a vehicle having an 1nternal combustion
engine 10 asa smgle main engine thereof. A crankshait 10a of
the engine 10 1s mechanically coupled to drive wheels 16
through a transmission 12 and a differential 14. The crank-
shaft 10q 1s provided with a starter 18 as a means to provide
initial rotation to the crankshait 10a.

The crankshaft 10a 1s mechanically coupled to a power
split device 24 through a clutch 20 and a locking device 22 at
its end not coupled to the transmission 12. The power split
device 24 includes a plurality of rotating bodies which rotate
in conjunction with one another, and distribute power among
the engine 10, the flywheel 30 and an alternator 32. In more
detail, the power split device 24 1s constituted of a single
planetary gear device having a sun gear S mechanically
coupled to the flywheel 30, a carrier C mechanically coupled
to the engine 10, and a ring gear R mechanically coupled to
the alternator 32. FIG. 1B shows the cross-sectional structure
ol the power split device 24.

The flywheel 30 serves as an energy storing means to store
rotational energy 1inputted thereto as kinetic energy. The alter-
nator 32, which serves as electric power generating means,
has a function as a power source for vehicle-mounted acces-
sories including the starter 18, and a function of discharging
an auxiliary battery 36. The clutch 20 serves as an interruption
means to mterrupt power transmission between the engine 10
and the power split device 24 (carrier C) by disengaging the
mechanical coupling between the engine 10 and the carnier C
of the power split device 24. The locking device 22 1s a device
capable of inhibiting the carrier C as a rotating body coupled
to the engine 10 to rotate. A locking device 26 1s a device
capable of inhibiting the sun gear S as arotating body coupled
to the flywheel 30 to rotate. A clutch 28 serves as an interrup-
tion means to mterrupt power transmission between the tly-
wheel 30 and the power split device 24 (sun gear S) by
disengaging the mechanical coupling between the flywheel
30 and the sun gear S of the power split device 24.

A control apparatus 34 1s for controlling the vehicle. For
example, the control apparatus 34 controls a vehicle drive
force by manipulating the engine 10, starter 18, clutch 20,
locking devices 22 and 26, clutch 28, and alternator 32.

FIGS. 2A to 2F are collinear diagrams of the rotational
speeds of the three rotating bodies (sun gear S, carrier C and
ring gear R) of the power split device 24 controlled by the
control apparatus 34 together with the rotational speed of the
engine 10. In FIGS. 2A to 2F, the arrows indicate the direc-
tions of torque. In these figures, the direction of torque 1s
positive when 1t points upward as well as the direction of the
rotational speed. Accordingly, the rotational energy 1s defined
to be positive when it enters the power split device 24. In the
following, FIGS. 2A to 2F are explained in this order.

FIG. 2A Showing a State 1n which the Vehicle 1s Station-
ary:

When the vehicle 1s stationary, and the rotational energy
stored 1n the flywheel 30 1s sufficient as shown 1n the section
(1), this rotational energy 1s converted 1nto electric energy by
the alternator 32, and supphed to the auxiliary battery 36. At
this time, the engine 10 1s 1n the stopped state, and the clutch
20 shown 1n FIG. 11s1n the disengaged state. Accordingly, the
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4

carrier C 1s inhibited from rotating by the locking device 22.
This 1s to apply torque to the carrier C as explained 1n detail
below.

In the planetary gear device, when the torque of the sun
gear S 15 T's, the torque of the carnier C 1s Tc, the torque of the
ring gear R 1s I, the following equations (c1) and (¢2) hold.

{r=-T1c/(1+p) (cl)

{s=—pic/(1+p) (c2)

In the above equations, p(=Zs/7Zr) 1s the ratio of the gear
number Zr of the ring gear R to the gear number Zs of the sun
gear S. As seen from the above equations, when the locking
device 22 1s not 1in the locked state, since the torque Tc of the
carrier C1s 0, thering gear R and the sun gear S are not applied
with torque. As aresult, torque transmission between the ring
gear R and the sun gear S 1s disabled. On the other hand, when
the carrier C 1s locked by the locking device 22, 1t 1s possible
to control the rotational energy transmitted from the flywheel
30 to the alternator 32 by controlling the torque which the
alternator 32 applies to the ring gear R. The rotational speeds
of the sun gear 5, carrier C and ring gear R are 1n a linear
relationship. Accordingly, when the rotational speed of the
carrier C 1s fixed at O, the speed of the alternator 30 (ring gear
R) 1s uniquely determined depending on the rotational speed
of the tlywheel 30 (sun gear S).

On the other hand, 1f the rotational speed of the flywheel 30
1s O when the vehicle 1s stationary, all the three rotating bodies
ol the power split device 24 are 1n the stopped state as shown
in the section (11).

FIG. 2B Showing a State 1n which the Engine 10 1s Started:

When the rotational energy of the flywheel 30 1s suificient
at the time of starting the engine 10 as shown in the section (1),
an 1nitial rotation 1s provided to the crankshait 10a of the
engine 10 using the rotational energy of the flywheel 30
without using the starter 18. At this time, power generation
control of the alternator 32 1s performed. This 1s for enabling
power transmission through the power split device 24 in
accordance with the above equations (c1) and (c2).

On the other hand, when the rotational energy of the fly-
wheel 30 1s insuilicient at the time of starting the engine 10 as
shown 1n the section (11), the engine 10 1s started using the
starter 18. At this time, the power generation control of the
alternator 32 1s not performed. Accordingly, power transmis-
s1on through the power split device 24 1s not performed. The
clutch 28 1s put in the disengaged state, and the sun gear S 1s
locked by the locking device 26 at this time. This 1s for
preventing a difference in rotational speed between the input
and the output of the clutch 28 from becoming excessive at the
time of putting the clutch 28 1n the engaged state. Alterna-
tively, 1t 1s possible that the clutch 28 1s put 1n the engaged
state, and the locking device 26 1s put 1n the unlocked state.

FIG. 2C Showing a State 1n which the Vehicle Starts Mov-
ing Or Running Under Light Load:

When the rotational energy stored in the flywheel 30 1s
suificient when the vehicle starts moving, or running under
light load (EV-running) as shown 1in the section (1), the vehicle
runs using the rotational energy of the flywheel 30 without
using the engine 10. At this time, since the ring gear R 1s
applied with torque by performing the power generation of
the alternator 32, power transmission through the power split
device 24 1s enabled.

On the other hand, when the rotational energy stored 1n the
flywheel 30 1s insuificient as shown 1n the section (i1), the sun
gear S 15 locked by the locking device 26, so that the vehicle
runs by the drive power of the engine 10 while the power
generation control of the alternator 32 1s performed. The
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reason why the lock device 26 1s used at this time 1s to enable
power transmission through the power split device 24 1n a
state where the rotational energy ofthe engine 10 1s prevented
from being supplied to the flywheel 30, and also enable per-

forming the power generation control of the alternator 32. If 5

the locking device 26 1s not used, part of the rotational energy
of the engine 10 1s supplied to the flywheel 30. Incidentally,
when the power generation control of the alternator 32 1s not
performed, the sun gear S might not be locked by the locking,
device 26. This 1s because power transmission through the
power split device 24 1s disabled 1n this case.

FIG. 2D Showing a State in which the Vehicle Runs
Steadily:

To store rotational energy in the flywheel 30 while the
vehicle runs steadily as shown 1n the section (1), the alternator
32 is caused to generate power while the engine 10 runs. At
this time, generating power by the alternator 32 1s itegral to
transmit the rotational energy of the engine 10 to the flywheel
30 through the power split device 24.

On the other hand, when any of energy storing in the
flywheel 30 and energy releasing from the flywheel 30 1s not
performed as shown 1n the section (11), the vehicle runs by the
drive force of the engine 10 with the sun gear S being locked
by the locking device 26 while performing the power genera-
tion control of the alternator 32. The reason why the locking,
device 26 1s used at this time 1s to enable power transmission
through the power split device 24 1n a state where the rota-
tional energy of the engine 10 1s prevented from being sup-
plied to the flywheel 30, and also enable performing the
power generation control of the alternator 32. Incidentally,
when the power generation control of the alternator 32 1s not
performed, the sun gear S might not be looked by the locking
device 26. This 1s because transmission through the power
split device 24 1s disabled 1n this case.

Further, when the energy stored 1n the flywheel 30 15 con-
verted mnto electric energy by the alternator 32 while the
vehicle runs using the drive force of the engine 10 as shown in
the section (111), the power generation control of the alternator
32 is performed 1n a state where the carrier C 1s locked by the
locking device 22. At this time, the clutch 20 1s put in the
disengaged state to interrupt power transmission between the
engine 10 and the power split device 24. The reason why the
carrier C 1s locked by the locking device 22 1s to enable the
rotational energy of the flywheel 30 to be transmitted to the
alternator 32 through the power split device 24.

FI1G. 2E Showing a State 1n which the Vehicle Accelerates:

To use the rotational energy of the flywheel 30 1n addition
to the rotational energy of the engine 10 when the vehicle
accelerates as shown 1n the section (1), the power generation
control of the alternator 32 is performed. Performing the
power generation control of the alternator 32 1s necessary to
transmit the rotational energy of the flywheel 30 through the
power split device 24.

On the other hand, when the rotational energy of the tly-
wheel 30 1s not used as shown 1n the section (11), the vehicle
runs using the rotational energy of the engine 10 1n a state
where the sun gear S 1s locked by the locking device 26, and
the power generation control of the alternator 32 1s per-
formed. The reason why the locking device 26 1s used at this
time 1s to enable energy transmission through the power split
device 24. Accordingly, 1f the power generation control of the
alternator 32 1s stopped, the sun gear S might notbe locked by
the locking device 26.

FIG. 2F Showing a State in which Regeneration 1s Per-
formed:

During a regeneration period, the engine 10 1s stopped, and
the power generation control of the alternator 32 is per-
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formed. As a result, the rotational energy inputted to the
carrier C 1s distributed to the flywheel 30 and the alternator 32
through respectively the sun gear S and the ring gear R.

The first embodiment described above provides the follow-
ing advantages.

(1) This embodiment includes the clutch 20 which inter-
rupts power transmission between the power split device 24
and the engine 10 when the rotational energy of the flywheel
30 1s transmitted to the alternator 32 through the power split
device 24 under condition where power transmission 1s per-
formed between the engine 10 and the drive wheels 16 of the
vehicle.

This makes 1t possible to effectively convert the rotational
energy of the flywheel 30 into electric energy.

(2) This embodiment includes the locking device 22 which
locks the carrier C coupled to the engine 10.

This enables transmission of rotational energy through the
power split device 24 even when the clutch 20 1s in the
disengaged state 20.

(3) This embodiment includes the clutch 28 which disen-
gages mechanical coupling between the sun gear S and the
flywheel 30. This makes 1t possible to interrupt power trans-

mission between the power split device 24 and the flywheel
30.

(4) This embodiment includes the locking device 26 which
locks the sun gear S coupled to the flywheel 30.

This enables power transmission through the power split
device 24 even when the clutch 20 1s in the disengaged state
20.

(5) The crankshait 10a of the engine 10 1s mechanically
coupled to the power split device 24 at one end thereot not
connected to the drive wheels 16. This makes 1t possible to
simplity the system structure compared to a case where the
power split device 24 1s mechanically coupled 1n between the
engine 10 and the drive wheels 16.

(6) This embodiment includes the power split device 24,
and the alternator 32 as an electric rotating machine mechani-
cally coupled to the power split device 24.

This makes 1t possible to increase energy usage eificiency 1n
the vehicle having the engine 10 as 1ts sole main engine.

Second Embodiment

Next, a second embodiment of the invention 1s described
with particular emphasis on the difference with the first
embodiment.

FIG. 3 1s a diagram showing the structure of a power
transmission system for use 1n a vehicle according to a second
embodiment of the invention. In FIG. 3, the reference numer-
als 1dentical to those 1n FIG. 1 represent the same elements.

As shown 1n FIG. 3, 1n this embodiment, the starter 18 1s
mechanically coupled to the ring gear R. When the engine 10
1s started without using the rotational energy of the flywheel
30, this makes it possible to drive the starter 18 to provide an
initial rotation to the engine 10 1n a state where the sun gear S
1s locked by the locking device 26. The rotational speeds of
the ring gear R and the carrier C are the same as those shown
in the section (11) of FIG. 2B.

The second embodiment provides the following advantage
in addition to the advantages (1) to (6) provided by the first
embodiment.

(7) The starter 18 1s mechanically coupled to the ring gear
R coupled to the alternator 32. As a result, since the rotational
energy iputted to the ring gear R coupled to the alternator 32
can be made positive by putting the starter 18 into operation,
it 1s possible to improve energy usage elliciency by expanding
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the possible rotational speed range of the ring gear R during
energy regeneration, for example.

Third Embodiment

Next, a third embodiment of the invention 1s described with
particular emphasis on the difference with the first embodi-

ment.

FIG. 4 1s a diagram showing the structure of a power
transmission system for use 1n a vehicle according to a third
embodiment of the invention. In FIG. 4, the reference numer-
als 1dentical to those 1n FIG. 1 represent the same elements.

As shown 1n FIG. 4, 1n this embodiment, between the
power split device 24 and the flywheel 30, there 1s provided a
step-up device 40 which increases the rotational speed of the
power split device 24. The step-up device 40 1s constituted of
a planetary gear device whose carrier C 1s mechanically
coupled to the power split device 24, whose sun gear S 1s
mechanically coupled to the flywheel 30, and whose
ring gear R 1s locked.

The third embodiment provides the following advantage in
addition to the advantages (1) to (6) provided by the first
embodiment.

(8) Between the ring gear R coupled to the flywheel 30 and
the flywheel 30, there 1s mterposed the step-up device 40.
This makes 1t possible to make the flywheel 30 compact 1n
s1ze for the same energy storing capacity compared to the case
where the step-up device 40 1s not provided.

Fourth Embodiment

Next, a fourth embodiment of the invention 1s described
with particular emphasis on the difference with the first
embodiment.

FIG. 5 1s a diagram showing the structure of a power
transmission system for use in a vehicle according to a fifth
embodiment of the invention. In FIG. 5, the reference numer-
als 1dentical to those in FIG. 1 represent the same elements.

As shown 1n FIG. 5, in this embodiment, the power split
device 24 1s mechanically coupled to the rotating shaft cou-
pling the engine 10 to the transmission 12. In this embodi-
ment, the power between the engine 10 and the drive wheels
16, the power of the flywheel 30 and the power of the alter-
nator 32 are distributed by the power split device 24. Further,
in addition to the clutch 20, there i1s disposed a clutch 42
which disengages mechanical coupling between the engine
10 and the transmission 12.

According to the fourth embodiment, other than the above
advantages (1) to (6) provided by the first embodiment, the
tollowing advantage can be obtained.

(9) The power split device 24 1s mechanically coupled 1n
between the engine 10 and the drive wheels 16.

This makes it possible to transmit regenerated energy to the
flywheel 30 or alternator 32 without through the engine 10.

Fitfth Embodiment

Next, a fifth embodiment of the invention 1s described with
particular emphasis on the difference with the first embodi-
ment.

FIG. 6 1s a diagram showing the structure of a power
transmission system for use in a vehicle according to a fifth
embodiment of the invention. In FIG. 6, the reference numer-
als 1dentical to those 1n FIG. 1 represent the same elements.

As shown 1n FIG. 6, 1n this embodiment, the ring gear R
coupled to the alternator 32 1s further coupled to vehicle-
mounted accessories. More precisely, the ring gear 32 1s

10

15

20

25

30

35

40

45

50

55

60

65

8

further mechanically coupled to a compressor 44 and a
vacuum pump 45 of a vehicle air conditioner. The vacuum
pump 45 1s mechanically coupled to the ring gear R through
a clutch 46. The vacuum pump 43 1s for reducing the pressure
in the space between the housing of the flywheel 30 and the
ring gear R 1n order to reduce the air resistance which the
flywheel 30 recerves.

According to the above structure, 1t 1s possible to assist the
torque which the alternator 32 applies to the ring gear R by the
vacuum pump 43 when it 1s not possible to sufliciently trans-
mit regenerative energy to the power split device 24 because
of torque constraints of the alternator 32 although the regen-
erative energy 1s suiliciently large. Accordingly, according to
the above structure, an amount of rotational energy inputted
to the flywheel 30 per unit time can be 1increased.

Incidentally, when the torque required to be applied to the
ring gear Rat the time of recovering regenerative energy 1s
smaller than the maximum output torque of the alternator 32,
the clutch 46 may be put into the disengaged state to interrupt
power transmission ifrom the power split device 24 to the
vacuum pump 43.

According to the fifth embodiment, other than the above
advantages (1) to (6) provided by the first embodiment, the
following advantages can be obtained.

(10) The ring gear R coupled to the alternator 32 1s coupled
to vehicle-mounted accessories other than the alternator 32.
This makes 1t possible to use the ring gear R as a drive power
source for the vehicle-mounted accessories.

(11) The above vehicle-mounted accessories include the
vacuum pump 45 to reduce the pressure 1nside the housing of
the flywheel 30. This makes it possible to recover the regen-
erative energy more elfectively.

Sixth Embodiment

Next, a sixth embodiment of the invention 1s described with
particular emphasis on the difference with the first embodi-
ment.

FIG. 7 1s a diagram showing the structure of a vehicle
power transmission system according to a sixth embodiment
of the invention. In FI1G. 7, the reference numerals 1dentical to
those 1n FIG. 1 represent the same elements.

As shown 1n FIG. 7, this embodiment includes a torque
applying device 47 which applies torque to the ring gear R
coupled to the alternator 32, and a thermal energy recovering
system 47a torecover, by the cooling system of the engine 10,
the thermal energy generated when the torque applying
device 47 applies torque to the ring gear R. The torque apply-
ing device 47 may be a brake device constituted of a friction
plate, for example.

According to the sixth embodiment, other than the above
advantages (1) to (6) provided by the first embodiment, the
following advantage can be obtained.

(12) This embodiment includes the torque applying device
47 which applies torque to the ring gear R coupled to the
alternator 32. This makes 1t possible to supply regenerative
energy to the flywheel 30 as necessary under condition where
the power generation control of the alternator 32 cannot be
performed, for example, when the auxiliary battery 36 1s in
the fully charged state.

(13) The thermal energy generated from the torque apply-
ing device 47 1s recovered by the cooling system ofthe engine
10. This makes 1t possible to effectively use the large thermal
energy generated when the power generation control of the
alternator 32 1s stopped during energy regeneration control,
and the ring gear R coupled to the alternator 32 1s applied with
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torque 1n the direction to stop the rotation of the ring gear R.
This thermal energy can be used for space heating of the
vehicle.

Seventh Embodiment

Next, a seventh embodiment of the invention 1s described
with particular emphasis on the difference with the first
embodiment.

FIG. 8A 1s a diagram showing the structure of a power
transmission system for use in a vehicle according to a sev-
enth embodiment of the invention. In FIG. 8 A, the reference
numerals identical to those in FIG. 1 represent the same
clements.

This embodiment enables using recovered regenerative
rotational energy as it 1s without converting the recovered
rotational energy into electric energy by the provision of the
flywheel 30.

As shown 1n FIG. 8A, 1n this embodiment, a first power
split device 54 1s mechanically coupled with the engine 10, a
first motor-generator 50a and a second power split device 58.
More specifically, the first power split device 54 1s constituted
of a planetary gear device whose sun gear S 1s mechanically
coupled to the first motor-generator 50a, whose carrier C 1s
mechanically coupled to the engine 10 through a locking
device 56, and whose ring gear R 1s mechanically coupled to
the second power split device 58. The ring gear R 1s mechani-
cally coupled to the drive wheels 16 through the differential
14.

The second power split device 58 1s mechanically coupled
with a second motor-generator 506 and the flywheel 30 in
addition to the first power split device 54. More specifically,
the second power split device 58 1s constituted of a planetary
gear device whose sun gear S 1s mechanically coupled to the
flywheel 30 through a clutch 60 and the step-up device 40,
whose carrier C 1s mechanically coupled to the first power
split device 54, and whose ring gear R 1s mechanically
coupled to the second motor-generator 505. FIG. 8B shows
the cross-sectional structures of the first and second power
split devices 54 and 58.

The first and second motor-generators 50a and 50 be are
clectrically connected to a high voltage battery 70 respec-
tively through an inverter 52q and an inverter 52b. The voltage
of the high voltage battery 70 (several hundred volts) 1s higher
than the voltage of the auxiliary battery 36 (several volts to
over ten volts). The control apparatus 34 controls control
variables of the first and second motor-generators 50a and
506 by manipulating the mverters 52a and 52b. The first and
second motor-generators 30aq and 505, the iverters 52a and
52b, and the high voltage battery 70 constitute a vehicle high
voltage system insulated from the vehicle low-voltage sys-
tem. Accordingly, the control apparatus 34 mampulates the
iverters 52a and 525 through insulating means such as pho-
tocouplers.

The second power split device 58, the flywheel 30 and the
second motor-generator 506 constitute a mechanical regen-
erative system MRS capable of storing rotational energy as 1t
1s without converting the rotating energy into electric energy.
Replacing this system with the second motor-generator 5056
makes a conventional system for a parallel-series hybrid
vehicle.

FIGS. 9A to 9E are collinear diagrams of the rotational
speeds of the three rotating bodies (sun gear R, carrier C and
ring gear R) for each of the first and second power split
devices 534 and 38 controlled by the control apparatus 34. In
FIGS. 9A to 9E, the arrows indicate the directions of torque.
In these figures, the direction of torque, as well as the rota-
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tional speed, 1s positive when it points upward. Accordingly,
the rotational energy 1s defined to be positive when 1t enters
the power split device. In the following, FIGS. 9A to 9E are

explained 1n this order.
FIG. 9A Showing a State in which the Vehicle 1s Station-

ary:

When the vehicle 1s stationary, the rotating bodies of the
first power split device 54 are stationary. On the other hand,
since the flywheel 30 stores rotational energy and its rota-
tional speed 1s not 0, the rotational speed of the second motor-
generator 506 1s not 0 although 1t 1s 1n the non-drive state. This
1s because that the rotational speeds of the sun gear S, carrier
C and ring gear R of the second power split device 38 are on
a line 1n the collinear diagram, and the rotational speed of the

carrier C coupled to the drive wheels 16 1s brought to O.

FIG. 9B Showing a State 1n which the Vehicle Starts Mov-
ing or Runs Under Light Load (EV-Running):

In this case, the first motor-generator 50a and the engine 10
are put into the non-drive state, and the first power splitdevice
54 does not contribute to transmission of rotational energy.
During this state, the second motor-generator 505 operates as
a motor, and the rotational energy of the second motor-gen-
erator 505 and the rotational energy of the flywheel 30 are
supplied to the drive wheels 16.

FIG. 9C showing a state 1n which the vehicle runs steadily.
During this state, the engine 10 1s caused to run, the first
motor-generator 50q 1s caused to operate as a generator, and
the second motor-generator 505 1s caused to operate as a
motor. At this time, 1t 1s possible to control an amount of the
rotational energy supplied from the flywheel 30 to the drive
wheels 16 per unit time by the torque of the second-motor
generator 505. Incidentally, the first motor-generator 50a can
be used as amotor at this time by bringing the rotational speed
of the first motor-generator 50a to the negative area in the
collinear diagram.

FIG. 9D Showing a State 1n which the Vehicle Accelerates:

Also during this state, the engine 10 1s caused to run, the
first motor-generator 50a 1s caused to operate as a generator,
and the second motor-generator 505 1s caused to operate as a
motor. At this time, the drive wheels 16 are driven mainly by
the engine 10. However, they are assisted by the second
motor-generator 505 and the tlywheel 30 as necessary at this
time. Incidentally, 1t 1s preferable to increase the amount of
power generation of the first motor-generator 50a with the
increase ol the output of the second motor-generator 305 1n
order to supplement the power consumption of the high volt-
age battery 70.

FIG. 9E Showing a State in which Power 1s Regenerated:

During this state, the first motor-generator 50a and the
engine 10 are put into the non-drive state, and the first power
split device 54 does not contribute to transmission of rota-
tional energy. During this state, the second motor-generator
506 and the flywheel 30 recover the regenerative energy.

As described above, 1n this embodiment, 1n addition to that
the regenerative energy 1s converted into electric energy by
the second motor-generator 505, 1t 1s stored 1n the flywheel 30
in 1ts original form of rotational energy. Accordingly, accord-
ing to this embodiment, the regenerative energy usage eifi-
ciency can be improved by using the rotational energy of the
flywheel 30 as drive force when the vehicle starts moving
later.

This 1s made possible by replacing the second motor-gen-
crator 505 with the mechanical regeneration system MRS.
However, 11 there occurs power circulation 1n the mechanical
regeneration system MRS, since energy loss increases, the
energy usage elficiency may be lowered. Accordingly, in this
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embodiment, a specific process described 1n the following
with reference to FIGS. 10 to 13 1s performed.

FIG.10A and FIG. 10B are collinear diagrams respectively
showing an early-stage system state and a late-stage system
state when regenerative control 1s performed. When the
regenerative control continues, the system shifts from the
state shown in FI1G. 10 A to the state shown 1n FIG. 10E. When
the regenerative control continues, the rotational speed of the
flywheel 30 continues to increase, while the rotational speed
of the second-motor generator 505 continues to decrease. If
the rotational speed of the second motor-generator 505
changes 1n sign, the second motor-generator 305 changes
from the regenerative control mode to the power control
mode. As aresult, there occurs power circulation in which the
rotational energy outputted from the second motor-generator
505 1s stored 1n the flywheel 30.

To prevent the power circulation from occurring, the sec-
ond motor-generator 506 1s put into the non-drive state by
lowering the rotational speed of the second motor-generator
506 below a specified speed NL when the rotational speed of
the flywheel 30 1s positive, and the first motor-generator 50a
1s put under regenerative control as shown in FIG. 10B. By
putting the second motor-generator 506 into the non-drive
state, the second power split device 38 stops contributing to
power transmission. At this time, the carrier C of the first
power split device 54 1s locked by the locking device 56. This
1s to enable power transmission through the first power split
device 54 while the engine 10 1s 1n the non-drive state.

FIG. 11 shows the process of the regenerative control in
this embodiment. This process 1s repeatedly performed by the
control apparatus 34 at regular time 1ntervals.

This process begins by determiming whether or not a regen-
erative mode prevails 1n step S10. If the determination result
in step S10 1s allirmative, the process proceeds to step S12 to
measure the rotational speed Nm2 of the second motor-gen-
erator 50b. Subsequently, it 1s determined whether of not the
measured rotational speed Nm2 1s lower than or equal to the
specified speed NL. This 1s for determining whether or not the
power circulation occurs in the mechanical regeneration sys-
tem MRS, causing the energy usage etficiency to be lowered.
The specified speed NL 1s set to O or negative.

If the determination result in step S14 1s negative, the
process proceeds to step S16 where the first motor-generator
50a 1s put 1into the drive state to recover the regenerative
energy by the flywheel 30, for example.

On the other hand, 11 the determination result in step S14 1s
allirmative, the process proceeds to step S18 to measure the
rotational speed Ne of the engine 10. Subsequently, it 1s
determined 1n step S20 whether or not the measured rota-
tional speed Ne 1s 0. It the determination result 1n step S20 1s
allirmative, the process proceeds to step S22 to put the lock-
ing device 56 into the engaged state so that the first motor-
generator 5056 1s put under the regenerative control 1n step
S24.

If the determination result in step S10 or S20 1s negative, or
when step S16 or S24 1s completed, the process 1s terminated.

FIGS. 12A and 122 are collinear diagrams showing a sys-
tem state 1n an EV-running mode in which the vehicle runs
without using the engine 10. When the vehicle runs using the
rotational energy of the second motor-generator 505 and the
flywheel 30, the rotational speeds of the second motor-gen-
erator 506 and the flywheel 30 changes from the ones shown
in FIG. 12 A to the ones shown 1n FIG. 122. That 1s, the speeds
of the second motor-generator 506 and the flywheel 30
decrease gradually while the vehicle runs using the rotational
energy ol the second motor-generator 305 and the flywheel
30. If the rotational speed of the second motor-generator 5056
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changes in sign thereatter, the second motor-generator 505 1s
put under the regenerative control, and there occurs the power
circulation in which the rotational energy of the flywheel 30 1s
supplied to the second motor-generator 50b.

Accordingly, as shown 1n FIG. 12B, the second motor-
generator 305 1s put into the non-drive state if the rotational
speed of the second motor-generator 305 becomes lower than
a specified speed Nmth. Further, the first motor-generator 50q
1s put under the power control to drive the vehicle.

The above process 1s explained in the following with ref-
erence to the tflowchart of FIG. 13. This process 1s performed
by the control apparatus 34 at regular time intervals.

This process begins by determining whether or not the
vehicle 1s runming 1n the EV running mode 1n step S30. I1 the
determination result 1n step S30 1s affirmative, the process
proceeds to step S32 to measure the rotational speed N of the
flywheel 30. Subsequently, it 1s determined in step S34
whether or not the measured rotational speed Ni1s higher than
or equal to a specified speed Nith. Step S34 1s for deter mining
whether or not the rotational energy of the tlywheel 30 1s
suificient to drive the vehicle. If the determination result 1n
step S34 1s affirmative, the process proceeds to step S36 to
measure the rotational speed Nm2 of the second motor-gen-
erator 50b. Subsequently, 1t 1s determined 1n step S38 whether
or not the measured rotational speed Nm2 1s lower than or
equal to the specified value Nmth. Step S38 1s for determining
whether or not the energy usage elliciency decreases 1f the
second motor-generator 505 1s driven. If the determination
result in step S38 1s negative, the process proceeds to step S40
to drive the second motor-generator 506 to use the rotational
energy of the flywheel 30 as vehicle driving energy.

On the other hand, 11 the determination result in step S38 1s
allirmative, the process proceeds to step S42 to measure the
rotational speed Ne of the engine 10. Subsequently, it 1s
determined 1n step S44 whether or not the measured rota-
tional speed Ne 1s 0. If the determination result in step S44 1s
affirmative, the process proceeds to step S46 to put the lock-
ing device 56 1n the engaged state. Thereafter, the process
proceeds to step S48 to perform the power control by the first
motor-generator 30a.

I1 the determination result 1n step S30 or S44 1s negative, or
when step S40 or S48 1s completed, the process 1s terminated.

The system states 1n this embodiment are not limited to the
ones described with reference to FIGS. 9A to 9E. There are
other system states shown 1n FIGS. 14 A to 14F explained 1n
the following, for example.

FIG. 14A Showing a State in which the Vehicle has Been
Stopped for a Long Time:

In this case, to prevent the rotational energy of the flywheel
30 from gradually decreasing, the second motor-generator 50
b 1s put under the regenerative control. At this time, the carrier
C of the second power split device 58 i1s locked because the
brake 1s being applied and the drive wheels 16 are locked.

FIG. 14B Showing a State in which the Vehicle 1s Stopped
with the Remaimming Capacity (SOC) of the High Voltage
Battery 70 Being Small:

In this case, the engine 10 1s put into the drive state, and the
rotational energy of the engine 10 1s recovered through the
regenerative control ol the first motor-generator 50a. The thus
recovered energy 1s used to charge the high voltage battery 70.
However, when the remaining capacity of the auxiliary bat-
tery 36 1s small, the recovered energy may be used to charge
the auxiliary battery 36 through a step-down converter 36 (not
shown).

FIG. 140 showing a state in which the rotational energy of
the flywheel 30 1s not sufficient to start the engine 10:
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In this case, the first motor-generator 50a 1s put under the
power control 1n order to provide an i1nitial rotation to the

crankshaft 10a of the engine 10.
FIG. 14D Showing a State in which the Vehicle Runs
Backward:

In this case, the first motor-generator 30q 1s put under the
power control in a state where the engine 10 1s stopped, and
the carrier C of the first power split device 54 1s locked by the
locking device 56. As a result, the rotational speed of the ring
gear R of the first power split device 54 can be made equal to
the speed of the drive wheels 16 rotating reversely.

The seventh embodiment described above provides the
tollowing advantages.

(14) The second motor-generator 505 mounted on a paral-
lel-series hybnid vehicle, which operates to distribute the
powers of the first and second motor-generators 50aq and 505
and the engine 10, 1s replaced by the mechanical regeneration
system MRS. This makes it possible to improve the usage
eificiency of the regenerative energy, because the regenera-
tive energy can be stored 1n 1ts original form of mechanical
energy.

(15) There 1s provided the locking device 56 to lock the
carrier C coupled to the engine 10. This enables power trans-
mission through the first power split device 54 even when the
engine 10 1s 1n the non-operating state.

(16) If the power circulation occurs between the flywheel
30 and the second motor generator 505, the second motor-
generator 506 1s stopped, and the regenerative control 1s per-
formed using the first motor-generator 30a 1n a state where
the carrier C of the first power split device 34 1s locked by the
locking device 56. This makes 1t possible to suppress the
energy usage elficiency from being lowered.

(17) When the vehicle runs 1n the EV-running mode, 1t 1s
determined whether or not the second motor-generator 5056
should be driven based on the rotational speed of the flywheel
30. This makes 1t possible to effectively use the rotational
energy of the flywheel 30.

(18) It the power circulation occurs between the flywheel
30 and the second motor generator 505 when the vehicle runs
in the EV-running mode, the second motor-generator 5056 1s
stopped, and the regenerative control 1s performed using the
first motor-generator 50q 1n a state where the carrier C of the
first power split device 54 1s locked by the locking device 56.
This makes 1t possible to suppress the energy usage efliciency
from being lowered.

(19) There 1s provided the clutch 60 to disengage the
mechanical coupling between the sun gear S and the flywheel
30. This makes 1t possible to interrupt power transmission
between the second power split device 58 and the flywheel 30.

(20) Between the sun gear S and the flywheel 30, there 1s
interposed the step-up device 40. This makes 1t possible to
make the flywheel 30 compact 1n size compared to the case
where the step-up device 40 1s not mterposed for the same
energy storing capacity.

Modifications of the First to Sixth Embodiments

Regarding the configuration of the mechanical coupling
between the power split device 24 and the flywheel 30: In
cach of the above embodiments, the flywheel 30, engine 10
and alternator 32 are respectively mechanically coupled with
the sun gear S, carrier C and ring gear R of the power split
device 24 constituted of a planetary gear device. However, the
configuration of the mechanical coupling between the power
split device 24 and the flywheel 30 may be such that the
alternator 32, engine 10 and flywheel 30 are respectively
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mechanically connected with the sun gear S, carrier C and
ring gear R of the power split device 24 constituted of a

planetary gear device.

Regarding the Structure of the Power Split Device 24:

The power split device 24 1s not limited to the one consti-
tuted of a single planetary gear device. For example, 1t may be
constituted of the first power distributing device 54 shown 1n
FIG. 8 and the second power distributing device 58 shown 1n
FIG. 8. Also 1n this case, 11 a clutch 1s disposed between the
first and second power distributing devices 54 and 58, the
same advantage as the above described advantage (1) pro-
vided by the first embodiment can be provided. For another
example, it may be constituted of a pair of power split devices,
two of the sun gear, carrier and ring gear of one of the power
split devices being respectively mechanically coupled to two
of the sun gear, carrier and ring gear of the other power
distributing device. In this case, there exist four rotating bod-
ies having different rotational speeds on the collinear dia-
gram, and three of them are coupled respectively to the fly-
wheel 30, engine 10 and alternator 32.

Alternatively, two of the four rotating bodies may be
respectively coupled to different alternators or different tly-
wheels. In this case, by coupling the rotating bodies of a
specific one of the planetary gear devices to a flywheel and
two alternators, 1t becomes possible to transmit power
between the flywheel 30 and the alternators even when the
lock device 22 1s not provided. Further, 1n the case where the
three of the four rotating bodies of the specific planetary gear
evice are respectively coupled to the engine 10 and the
1iferent alternators, it 1s possible to transmit power between
ne engine 10 and the alternators through the power split
evice even when the lock device 26 1s not provided.

The power split device 24 1s not limited to the one consti-
tuted of a planetary gear device. For example, it may be
constituted of a differential gear device.

Regarding the Vehicle-Mounted Accessories Driven by the
Power Split Device 24:

Such accessories are not limited to the compressor 44 and
vacuum pump 45 of the vehicle air conditioner. For example,
only one of the compressor 44 and vacuum pump 45 may be
driven by the power split device 24. A water pump to circulate
the cooling water of the engine 10 may be driven by the power
split device 24. Further, an o1l pump to circulate lubricating
o1l may be driven by the power split device 24.

Regarding the Electric Rotating Machines Whose Outputs
are Distributed by the Power Split Device 24:

Such electric rotating machines are not limited to the alter-
nator 32 and the starter 18. Such electric rotating machines
may include a motor-generator. In this case, the motor-gen-
crator may be put below the power control at the time of
starting the engine, running in the EV-running mode, accel-
erating the vehicle, or regenerating energy. Preferably, such a
motor generator 1s applied with the voltage of the vehicle-
mounted high voltage battery insulated from the auxiliary
battery 36.

C
C
t
C

Other Modifications

The first to fourth and sixth embodiments may be modified
such that the transmission 12 1s disposed between the engine
10 and the power split device 24.

The third to sixth embodiments may be modified 1n the
same way 1n which the second embodiment 1s modified from
the first embodiment.

The fourth to sixth embodiments may be modified 1n the
same way 1n which the third embodiment 1s modified from the
first embodiment.
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The fifth and sixth embodiments may be modified 1n the
same way 1n which the fourth embodiment 1s modified from
the first embodiment.

The sixth embodiment may be modified 1n the same way in
which the fifth embodiment 1s modified from the first embodi-
ment.

The first embodiment can provide the foregoing advantage
(1) even when 1t does not include the clutch 28.

The section (1) of FIG. 2A shows the case where the alter-
nator 32 converts the rotational energy stored 1n the flywheel
30 nto electric energy when the vehicle 1s stationary. How-
ever, when 1t 1s expected that the vehicle will start before long,
the rotational energy stored 1n the flywheel 30 1s notnecessary
to be converted into electric energy by the alternator 32 in
order to use the rotational energy of the flywheel 30 as driving
force of the drive wheels 16 while preventing occurrence of
energy loss due to conversion of the rotational energy to
clectric energy. Incidentally, the condition where 1t 1s prefer-
able not to perform the power generation control of the alter-
nator 32 when the vehicle 1s stationary includes the one in
which the engine 1s automatically stopped by 1dle-stop con-
trol.

Modifications of the Seventh Embodiment

Regarding the Configuration of the Coupling Between the
Second Power Split Device 58 and the Flywheel 30:

The seventh embodiment may be modified such that the
sun gear S 1s coupled to the second motor-generator 505, and
the ring gear R 1s coupled to the flywheel 30. Regarding the
configuration of the coupling between the first power split
device 54 and the first motor-generator 50a: The seventh
embodiment may be modified such that the sun gear S is
coupled to the second power split device 58, and the ring gear
R 1s coupled to the first motor-generator 50a.

Regarding the First and Second Power Split Devices 534 and
d8:

They are not limited to the one constituted of a planetary
gear device. For example, they may be constituted of a dii-
ferential gear.

Between the clutch 60 and the second power split device
58, a locking device may be disposed 1n order to enable power
transmission through the second power split device 58 under
condition that the flywheel 30 1s inhibited to rotate.

The clutch 60 might not be provided.

The step-up device might not be provided.

Between the first and second power split devices 54 sand
58, a clutch may be disposed.

The carrier C of the first power split device 54 may be
locked by the locking device 56 in the early stage of the
regenerative control shown in FIG. 10A 1n order to prevent
the engine 10 from rotating together with the carrier C of the
first power split device 54.

The carrier C of the first power split device 54 may be
locked by the locking device 56 in the early stage of the
EV-running mode shown in FIG. 12A 1n order to prevent the
engine 10 from rotating together with the carrier C of the first

power split device 54. Common modifications of the first to
seventh embodiments

Regarding the Speed Step-Up Means:

The speed step-up means constituted of a single planetary
gear device 1s not limited to the one 1n which the ring gear R
1s locked. For example, 1t may be the one 1n which the carrier
C 1s locked. In this case, 1t 1s preferable to couple the flywheel
to the sun gear.
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Further, the speed step-up means 1s not limited to the one
constituted of a single planetary gear device. For example, 1t
may be the one constituted of a single differential gear.

Regarding the Planetary Gear Device:

The planetary gear device 1s not limited to the one 1n which
the rotational speed of the ring gear R and the rotational speed
of the sun gear S have to be different from each other in sign
to satisiy the condition that the rotational speed of the carrier
C 1s O when the rotational speeds of the ring gear R and the sun
gear S are not 0. It may be the one in which the condition can
be satisfied when the rotational speed of the ring gear R and
the rotational speed of the sun gear S are the same 1n sign.
Such a planetary gear device 1s known as “double planetary
gear device”. For example, refer to Japanese Patent Applica-
tion Laid-Open No. 2001-108073.

The above explained preferred embodiments are exem-
plary of the mvention of the present application which 1s
described solely by the claims appended below. It should be
understood that modifications of the preferred embodiments
may be made as would occur to one of skill 1in the art.

What 1s claimed 1s:

1. A vehicle-mounted power transmission system compris-
ng:

a power split device to perform power distribution among,

a flywheel for storing rotational energy as mechanical
energy, an mternal combustion engine and an electric
rotating machine; and
interrupting structure to interrupt power transmission
between a group of the flywheel and the electric rotating
machine and a group of the mternal combustion engine
and drive wheels of the vehicle, the power transmission
being interrupted by the interrupting structure when
rotational energy stored in the flywheel 1s transmuitted to
the electric rotating machine through the power split
device under a condition that power 1s transmitted
between the internal combustion engine and the drive
wheels, wherein
the power split device includes a first rotating body
mechanically coupled to the flywheel, a second rotating
body mechanically coupled to the mternal combustion
engine, and a third rotating body mechanically coupled
to the electric rotating machine, rotational torques of the
first to third rotating bodies being 1n a linear relationship,

the interrupting structure includes a clutch to disengage
mechanical coupling between the internal combustion
engine and the second rotating body, and

the power split device further includes a rotation restricting

device to restrict the second rotating body from rotating.

2. The vehicle-mounted power transmission system
according to claim 1, wherein the interrupting structure fur-
ther includes another clutch to disengage mechanical cou-
pling between the first rotating body mechanically coupled to
the flywheel and the flywheel of the power split device.

3. The wvehicle-mounted power transmission system
according to claim 1, wherein the first rotating body and the
flywheel are coupled to each other through a speed-up device
to increase rotational speed of the rotating body mechanically
coupled to the flywheel.

4. The vehicle-mounted power transmission system
according to claim 1,

turther comprising a rotation restricting device to restrict

the third rotating body from rotating.

5. The vehicle-mounted power transmission system
according to claim 4, further comprising a thermal energy
recovering system to recover thermal energy generated from
the rotation restricting device that restricts the third rotating,
body from rotating.
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6. The vehicle-mounted power transmission system
according to claim 1, wherein the third rotating body 1is
mechanically coupled to a vehicle-mounted accessory in
addition to the electric rotating machine.

7. The vehicle-mounted power transmission system
according to claim 6, wherein the vehicle-mounted accessory
includes a pressure reducing device to reduce pressure mnside
a housing of the flywheel.

8. The vehicle-mounted power transmission system
according to claim 1, wherein the electric rotating machine 1s
a vehicle-mounted alternator.

9. The vehicle-mounted power transmission system
according to claim 8, wherein the third rotating body being
mechanically coupled to a vehicle-mounted starter 1n addi-
tion to the vehicle-mounted alternator.

10. The vehicle-mounted power transmission system
according to claim 1, wherein a rotating shait of the internal
combustion engine 1s mechanically coupled to the power split
device at one end thereof, and to the drive wheels at the other
end thereof.

11. The vehicle-mounted power transmission system
according to claim 1, wherein the power split device and a
mechanical coupler between the internal combustion engine
and the drive wheels are mechanically coupled to each other.

12. The vehicle-mounted power transmission system
according to claam 10, wherein a transmission 1s interposed
between the internal combustion engine and the drive wheels.

13. The vehicle-mounted power transmission system
according to claam 1, wherein the power split device 1s a
planetary gear device including a sun gear as the first rotating
body, a carrier as the second rotating body and a ring gear as
the third rotating body.
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